Leading edge cooling cavities in modern gas turbine airfoils play an important role in maintaining the leading edge temperature at levels consistent with airfoil design life. These cavities often have a complex cross-sectional shape to be compatible with the external contour of the blade at the leading edge. Furthermore, to enhance the heat transfer coefficient in these cavities, they are often roughened on three walls with ribs of different geometries. The cooling flow for these geometries usually enters the cavity from one end of the airfoil flows radially to the other side or, in the most recent designs, enters the leading edge cavity from the adjacent cavity through a series of crossover holes on the partition wall between the two cavities. In the latter case, the crossover jets impinge on a smooth leading-edge wall and exit through the showerhead film holes, gill film holes on the pressure and suction sides, and, in some cases, form a crossflow in the leading-edge cavity and move toward the end of the cavity. It was the main objective of this investigation to measure the heat transfer coefficient on a smooth as well as rib-roughened leading-edge wall. Experimental data for impingement on a leading edge surface roughed with different conical bumps and radial ribs are reported by the same authors, previously. This investigation, however, deals with impingement on different horseshoe ribs and makes a comparison between the experimental and numerical results. Three geometries representing the leading-edge cooling cavity of a modern gas turbine airfoil with crossover jets impinging on 1) a smooth wall, 2) a wall roughened with horseshoe ribs , and 3) a wall roughened with notchedhorseshoe ribs were investigated. The tests were run for a range of flow arrangements and jet Reynolds numbers. The major conclusions of this study were : a) Impingement on the smooth target surface produced the highest overall heat transfer coefficients followed by the notched-horseshoe and horseshoe geometries. b) There is, however, a heat transfer enhancement benefit in roughening the target surface. Amongst the three target surface geometries, the notched-horseshoe ribs produced the highest heat removal from the target surface which was attributed entirely to the area increase of the target surface. c) CFD could be considered as a viable tool for the prediction of impingement heat transfer coefficients on an airfoil leading-edge wall.
NOMENCLATURE
A base leading-edge base area for the smooth case A hole crossover holes area A HT total heat transfer area including the surface roughness AR cooling channel aspect ratio AR rib rib aspect ratio d jet jet diameter D h cooling channel hydraulic diameter e roughness height h average heat transfer coefficient on the leading-edge wall,
[(vi/A HT )-q loss ]/(T s -T jet ) i
current through the foil heater on the middle brass piece k air thermal conductivity m air mass flow rate through the middle (fourth) crossover holes Nu jet average Nusselt number based on the jet diameter, hd jet /k P feed supply channel pressure P LE leading-edge channel pressure q loss heat losses from the middle bronze piece to the ambient by conduction and convection as well as the heat losses by radiation to the unheated walls R nose channel radius at the leading edge Re jet Reynolds number based on the jet diameter (ρU jet d jet /µ) S Rib pitch T jet air jet temperature T s surface temperature U jet jet mean velocity, m/ρA hole Z jet place distance to the target surface ( Fig. 1)  v voltage drop across the foil heater on the middle bronze piece α rib angle of attack µ air dynamic viscosity at jet temperature ρ air density at jet temperature and pressure
INTRODUCTION
Various methods have been developed over the years to keep the turbine airfoils temperatures below critical levels consistent with the required life for each component. Parallel with advances in airfoil material properties, advances in airfoil cooling schemes have also been remarkable. A main objective in turbine airfoil cooling design is to achieve maximum heat removal from the airfoil metal while minimizing the required coolant flow rate. One such method is to route coolant air through serpentine passages within the airfoil and convectively remove heat from the airfoil. The coolant is then ejected either at the tip of the airfoil, through the cooling slots along the trailing edge or the film holes on the airfoil surface at critical locations. To further enhance the heat transfer, the cooling chan-nel walls are often roughened with ribs. Extensive research has been conducted on various aspects of the rib-roughened channels and it is concluded that geometric parameters such as passage aspect ratio (AR), rib height to passage hydraulic diameter or blockage ratio (e/D h ), rib angle of attack (α), the manner in which the ribs are positioned relative to one another (in-line, staggered, crisscross, etc.), rib pitch-to-height ratio (S/e) and rib shape (round versus sharp corners, fillets, rib aspect ratio (AR rib ), and skewness towards the flow direction) have pronounced effects on both local and overall heat transfer coefficients. The interested reader is referred to the work of investigators such as Burggraf [1] , Chandra and Han [2] , El-Husayni et al. [3] , Han [4] , Han et al. [5, 6, 7] , Metzger et al. [8, 9, 10] , Taslim and Spring [11, 12] , Taslim et al. [13, 14, 15] , Webb et al. [16] and Zhang et al. [17] .
Airfoil leading-edge surface, being exposed to very high gas temperatures, is often a life-limiting region and requires more complex cooling schemes especially in modern gas turbines with elevated turbine inlet temperatures. A combination of convective and film cooling is used in conventional designs to maintain the leading-edge metal temperature at levels consistent with airfoil design life. This study focuses on the leading-edge jet impingement and effects that roughening of the leading-edge surface has on the impingement heat transfer coefficient. In this flow arrangement, the coolant enters the leading-edge cooling cavity as jets from the adjacent cavity through a series of crossover holes on the partition wall between the two cavities. The cross-over jets impinge on the leading-edge wall and exit through the leading-edge film holes on the pressure and suction sides, or form a crossflow in the leading-edge cavity and move toward the airfoil tip. A survey of many existing gas turbine airfoil geometries show that, for analytical as well as experimental analyses, such cavities can be simplified by simulating the shape as a four-sided polygon with one curved side that simulates the leading edge curvature, a rectangle with one curved side (often the smaller side) or a trapezoid, the smaller base of which is replaced with a curved wall. The available data in open literature is mostly for the jet impingement on flat surfaces that are smooth or rib-roughened and a few cases of impingement on concave but smooth surfaces. These studies include the work of Chupp et al. [18] , Metzger et al. [19] , Kercher and Tabakoff [20] , Florschetz, et al. [21, 22, 23] , Metzger and Bunker [24] , Bunker and Metzger [25] , Van Treuren et al. [26] , Chang et al. [27] , Huang et al. [28] , and Akella and Han [29] . Taslim et al [33, 34, 35] reported on impingement cooling of a smooth as well as roughened airfoil leading edge. They examined sandpaper roughness and different conical bump and radial rib geometries in a test section with a circular nose, two tapered side walls and a flat fourth wall on which the crossover jets were positioned. Circular and racetrack-shaped crossover jets, at 0 o and 45 o angles with the channel's radial axis were compared. Results were also compared for leading-edge geometries with and without showerhead film holes. This paper, however, deals with impingement on an airfoil leading-edge that is roughened with horseshoe ribs that are commonly used on the leading-edge surface in the traditional channel flow cooling of the leading-edge cavity. A numerical study was also conducted and the the numerical results for representative cases are compared with the corresponding tests results. Figures 1 and 2 show schematically the layout, cross-sectional area, and the target surface geometries for the three test sections investigated in this project. A conventional technique of heated walls in conjunction with thermocouples was used to measure the heat transfer coefficient. The test wall, where all measurements were taken, consisted of three removable cast bronze pieces which were heated by foil heaters attached on the back of the pieces. By proper adjustment of the ohmic power to the foil heater the desirable surface temperature was obtained. All test sections were 85.5 cm long. The circular wall simulating the leading-edge nose had an inner radius of 1.1 cm and an arc angle of 137 o , was made up of fiberglass with a 9.9 cm long recess in the middle to house the three bronze pieces. This circular recess along the inner radius with a depth of 3.2 mm allowed the bronze pieces to be fitted into the fiberglass shell. A flange on each side of the leading-edge piece facilitated the connections of the side walls. The two identical side channels with a cross-sectional area of 38.86 cm 2 (5.1 cm by 7.62 cm) and same length as the leading-edge piece were also made of fiberglass. The side channels' main function was to maintain the dump pressure to consequently control the amount of flow through the "gill" holes on the airfoil suction and pressure sides. Eight angled cylindrical holes with a diameter of 4.88 mm and a center-to-center distance of 3.25 cm were drilled on each side channel wall at an angle of 30 o with the sidewall to simulate gill holes on the suction and pressure sides of an airfoil. These holes were staggered along the length of the test section with respect to the crossover jet holes on the jet plate.
TEST SECTIONS
Two removable 1 mm thick jet plates corresponding to a Z/d jet =3.2 were made of aluminum to produce the impinging jets for the symmetric and asymmetric impingement tests (Figure 2d ). Seven cylindrical holes with a diameter of 0.71 cm were drilled at a distance of 3.27 cm from each other (center-to-center) on each jet plate. The only difference between the two jet plates was the manner by which the crossover holes were drilled. For the symmetric impingement, the crossover holes were arranged such that the jets impinged on the horseshoe or notched-horseshoe ribs while for the asymmetric impingement tests, jets impinged in between the horseshoe or notched-horseshoe ribs. For the smooth wall, of course, the symmetric and asymmetric cases were identical. Therefore, for all smooth wall tests, jets impinged in the middle of the bronze pieces. The jet plate was attachedand sealed to the side channel walls to simulate the partition wall between the leading-edge and its adjacent cavities. The cylindrical holes were centered along both the length and width of the jet plate. The removable bronze pieces, installed in the fiberglass outer shell, provided the ability to change the impingement surface geometries in the test rig. Three different target geometries were manufactured and tested( Figure 2 ) : (1) a smooth wall that served as a baseline, (2) a roughened wall with horseshoe and straight ribs, (3) a roughened wall with notched-horseshoe and straight ribs.
For each geometry, a Unigraphics® model was created for a LOM (Laminated Object Model) machine. This LOM model was used to mold and create three cast bronze test pieces for each of the three geometries. A 3 cm by 6.1 cm custom-made thin etched-foil heater with a thickness of about 0.2 mm was glued around the outer curved surface of each bronze piece to provide the necessary heat flux. For each geometry, three identical bronze pieces, separated by a 1 mm thick rubber insulator, were mounted next to each other. Heat transfer coefficients were measured on the middle piece while the other two pieces acted as guard heaters to minimize the heat losses to the adjacent walls. In addition, two custom-made thin etched-foil heaters were also mounted on the test section side channel walls next to the middle bronze piece free edges, again acting as guard heaters. The test section wall temperature was adjusted to a desirable level by varying the ohmic power to these heaters. Six thermocouples embedded in the middle bronze piece and three thermocouples embedded in each guard bronze piece measured the wall temperatures. The average of the six thermocouple readings in the middle bronze piece which, if different only differed by a fraction of a degree, was used as the surface temperature in the data reduction software for the average heat transfer coefficient. The selected nominal surface temperature was 45 o C. With a jet temperature of about 20 o C, a reasonable 25 o C temperature difference between the wall surface and air was attained. Two thermocouples embedded in the wall behind the guard heaters were used to measure the side wall temperature adjacent to the middle bronze piece. By proper adjustment of the power to the side heaters, the wall temperature under the side heaters was set to be around 45 o C. The conduction heat loss from the test piece to the fiberglass wall was calculated to be negligible (less than 0.02% of the total heat flux). AC power was supplied to individual heaters through an existing power panel with individual Variacs for each heater. Typical amperage and voltage levels for each heater varied from 0.23 -0.4 Amps and 20-45 Volts, respectively. Air properties were evaluated at jet temperature. The supply channel was formed by the exterior walls of the side channels, the jet plate and a 1.27 cm thick aluminum back plate. The end caps with throttling valves controlled the flow and pressure in each channel thus simulating many variations that may occur in a real airfoil. Static pressure taps and thermocouples in each channel measured the pressure and temperature at different locations. The test sections were covered on all sides, by 5 cm thick glasswool sheets to minimize heat losses to the environment. The radiational heat loss from the heated wall to the unheated walls as well as losses to ambient air through the fiberglass nose piece were taken into consideration when heat transfer coefficients were reduced. A contact micromanometer with an accuracy of 0.025 mm of water as well as a series of oil and mercury manometers measured the pressures and pressure differences between the static pressure taps mounted on bothsides of the target wall for each geometry. For all cases, a critical venturimeter was used to measure the total air mass flow rate entering the supply channel.
COMPUTATIONAL MODELS
The computational models were constructed for a representative repeated domain with two symmetric planes in each case. Figure 4 shows this representative domain for the horseshoe geometry and details of the mesh distribution on the surface of the domain. The computational domain size for the other two geometries were the same. The CFD analysis was performed using Fluent/UNS solver by Fluent, Inc., a pressure-correction based, multi-block, multigrid, unstructured/adaptive solver. Standard high Reynolds number k-ε turbulence model in conjunction with the generalized wall function was used for turbulence closure. Other available turbulence models in this commercial code, short of two-layer model which required a change in mesh arrangement for each geometry and was beyond the scope of this investigation, were also tested and did not produce results significantly different from those of k-ε model. Mesh independence was achieved at about 400,000 cells for a typical model. Cells in all models were entirely hexagonal, a preferred choice for CFD analyses, and were varied in size biogeometrically from the boundaries to the center of the computational domain in order to have finer mesh close to the boundaries. Figure 5 shows the mesh distribution around the periphery of a typical model.
RESULTS AND DISCUSSION
A total of 31 test setups each for seven jet Reynolds numbers ranging from 10,000 to 50,000 were run in this investigation. All tests had several common features described as follows. There were always seven impinging jets issuing from the jet plate. The middle jet (forth) always impinged on the bronze test piece in the middle of the test section and the reported heat transfer results are always for that middle bronze test piece. The third and fifth jets impinged on the side bronze pieces that acted as guard heaters. The remaining four jets impinged on the fiberglass leading-edge wall to simulatethe flow field in a typical leading-edge cavity. The jet Reynolds number is based on the air mass flow rate through the middle crossover hole. The non-dimensional jet distance to the target surface, Z/d jet , remained fixed at 3.2 for all target surface geometries. Two inflow arrangements to the supply channel, as shown in Figure 3a , where air either entered from one end or both ends, were tested. The outflow arrangement, shown in Figure 3b , was consisted of four different cases. For the "nominal flow" case the air, after impinging on the leading-edge wall, ejected equally through the side channel holes which simulate the gill holes on the pressure and suction sides of an airfoil. For the "one-sided" case the air, after impinging on the leading-edge wall, ejected through the gill holes on one side only. For the "circular flow" case the air, after impinging on the leading-edge wall, ejected from the same side of the test section as it entered while for the "crossflow" case the air, after impinging on the leading-edge wall, ejected from the opposite side of the channel simulating exit flow through an airfoil tip. In the latter two flow arrangements, all side channel holes were plugged and valves were closed so that the only way out for the cooling air after impingement was through one end of the leading-edge channel. The three jets upstream of the middle jet (spent air) formed a crossflow that severely affected the impingement heat transfer coefficient. For a consistent comparison of heat transfer results for all these arrangements, the jet Reynolds number for all cases was calculated based on the air mass flow rate through the fourth crossover hole. To determine the air mass flow rate variation across the crossover holes, a one-dimensional flow circuit of each test setup consisting of appropriate orifices, tubes, momentum and pressure chambers, shown in Figure 3c , was built and analyzed. The results, shown in Figure 6 , revealed that the air mass flow rate through the fourth crossover hole for the cases of flow entering the supply channel from one end or both ends and exiting through the side holes (on both sides or on one side) was very close to that of average mass flow through the seven holes i.e. 14.28% each. The maximum difference was calculated to be 0.01%. It is also noted that the mass flow rates through other crossover holes are very close to the average percentage for these cases. For the circular and crossflow arrangements, however, a 1% drop, compared to the average mass flow percentage of 14.28, was calculated for the mass flow rate through the forth crossover hole and the jet Reynolds number was corrected accordingly. Static pressure taps in the middle and at each end of the supply channel did not measure a significant difference (about 1 cm of water column for a supplypressure ranging from 110 to 172 KPa, absolute). Experimental uncertainties in heat transfer coefficient and jet Reynolds number, following the method of Kline and McClintock (1953) were determined to be 6% and 1.5%, respectively.
Geometry 1
Impingement on a smooth leading-edge wall, shown in Figure 2a , was tested in thisbaseline geometry. Heat transfer results of this geometry are shown in Figure 7 . Several observations are made. Whether flow was entering the supply channel from one end or both ends, it had no significant effect on the impingement heat transfer coefficient because, as we showed in Figure 6 , the air mass flow rate through the forth crossover hole for which the heat transfer results are reported, was nearly identical for both inflow arrangements. Other target surface geometries behaved similarly as we have shown in Figure 12 . The maximum calculated difference of 1.9% was for the nominal outflow at the lowest Reynolds number. Similarly, whether the jets, after impinging on the target surface, were exiting the leading-edge channel through one row of side holes or both rows, it had no significant effect on the impingement heat transfer coefficient. The maximum calculated difference of 3.9% was again at the lowest Reynolds number. The cross-and circular flow arrangements, however, produced lower heat transfer coefficients. An explanation for this behavior is the presence of a crossflow (spent air), generated by the fifth, sixth and seventh jets in the circular flow arrangement and by the first, second and third jets for the crossflow arrangement. This crossflow reduces the strength of the fourth jet before it impinges on the target surface which in turn reduces the impingement heat transfer coefficient. The maximum decrease compared with the nominal outflow case was calculated to be about 13% which occurred at the lowest jet Reynolds number. This difference decreased with increasing jet Reynolds number to about 2.5% at the highest jet Reynolds number.
Geometry 2
Horseshoe ribs are commonly used on the leading-edge surface of the airfoil cooling cavities in order to enhance the convective heat transfer coefficients on the leading-edge surface when the coolant is traveling in the cooling channels radially. Several investigators including the first author have reported experimental data on a variety of leading-edge rib geometries, often a critical area in airfoil life expectancy. Impingement on horseshoe ribs, however, is not reported by any investigator yet. The target wall for this geometry was roughened with two sets of ribs -a horseshoe rib that wrapped around the leading edge and two radial ribs in between the horseshoe ribs and on both sides of the airfoil stagnation line as shown in Figure 2b . Compared to the baseline geometry, the total wetted heat transfer area was increased by about 40.5%. The two radial ribs were installed in between the horseshoe ribs because it was speculated that the jets, after impinging on the horseshoe ribs would interact with the radial ribs on their exit way through the gill holes, thereby increase the overall heat transfer coefficient.
To establish the superiority of the impingement cooling over the convective cooling, the heat transfer coefficient results for the two flow arrangements and for the same amount of cooling flow are compared in Figure 8 . The Reynolds number represented on the horizontal axis, is based on the jet diameter for the impingement cooling and the channel hydraulic diameter for the channel flow. Each pair of data points correspond to the same amount of cooling flow. Or for a given Reynolds number, the impingement cooling flow rate was about 11% higher than that of the channel flow. The heat transfer coefficient was not non-dimensionalized to the Nusselt number to make the comparison more realistic. The impingement heat transfer coefficient is about 2.6 times that of channel flow at the lowest Reynolds number and about 3.3 times at the highest Reynolds number. It should be noted that these ratios are for the average heat transfer coefficient on the entire leading-edge surface (on the surface of the cast bronze piece). Local heat transfer coefficient ratios around the impingement point could be much higher than these values. This comparison proved that where high heat removal rates are desirable, impingement is a viable solution. Impingement tests for this geometry were conducted for all inflow and outflow arrangements shown in Figure 3 . The final results, however, are shown in Figure 9 for one inflow case since, similar to the smooth target surface case, whether flow entered the supply channel form one end or both ends, the impingement heat transfer results did not show a significant change. Symmetric and asymmetric impingement cases, however, produced different results. For asymmetric impingement where jets impinged on the leading-edge area in between the horseshoe ribs, the nominal and one-sided outflow cases produced higher heat transfer coefficients compared with the symmetric impingement cases. The reason for this increase of up to 13% at low Reynolds numbers is the interaction of coolant with both horseshoe and radial ribs on its way to the side holes. The asymmetric impingements for the circular and crossflow cases, however, produced lower heat transfer coefficients compared with the symmetric impingements. With the aid of Figure  6 it can be reasoned that the share of the middle bronze piece from the cooling air in the asymmetric impingement case is two half-jets that, with different amount of crossflow, are less effective than one full jet in the symmetric impingement case.
Geometry 3
The target wall for this geometry was identical to that of geometry 2 except that the horseshoe ribs had a 60 o notch in the middle as shown in Figure 2c . Based on our experience with notched ribs in rib-roughened axial-flow channels, it was expected that vortices shed off the notch in the cross-and circular flow cases could improve the overall impingement heat transfer coefficients. Compared to the baseline geometry, the total wetted heat transfer area on the middle bronze piece was increased by about 40%. This geometry was also tested for all inflow and outflow arrangements the results of which are shown in Figure 10 . The asymmetric impingement produced higher heat transfer coefficients than those in the symmetric impingement for the nominal, one-sided and crossflow cases while it did not show a significant difference for the circular flow case. When comparisons are made between the three target surface geometries in Figure 11 , we see that in general when crossover jets impinge on the unroughened part of the target surface, they produce higher local heat transfer coefficients around the impingement area and the role of roughnesses is mostly to act as extended areas to increase the total heat pickup. That is why we notice higher heat transfer coefficients in most asymmetric cases.
Comparisons
Figures 11 and 12 compare the results of the three target surface geometries for symmetric impingement. Several observations are made. First, for all three target surface geometries, whether the cooling flow entered the supply channel from one end or both ends, the overall heat transfer coefficient did not change as shown in Figure 12 for selected representative cases. A physical explanation based on Figure 6 was given when the results of geometry 1 were discussed above. The same discussion holds for the other two target surface geometries. Second, smooth target surface geometry produced higher impingement heat transfer coefficients than roughened target surface with horseshoe or notched-horseshoe ribs, and notched-horseshoe ribs performed better than horseshoe ribs. Our CFD results showed the same behavior. The presence of horseshoe roughness directly under the impinging jet for the symmetric case seems to have reduced the effectiveness of the impingement for two reasons. One is that when the same jet was impinged on the smooth surface in between the horseshoe ribs, higher heat transfer coefficients were recorded and the other is that, based on the CFD velocity vectors shown in Figure 16 , the presence of radial ribs slows down the returning flow and creates recirculating zones that further reduce the overall heat transfer coefficients. Our previous work in this area dealing with impingement on target surfaces roughened with conical bumps of different sizes, sandpaper roughness and radials ribs showed the same results i.e. the target surface roughnesses when they are smaller in size and more in numbers, at best, improve the impingement heat transfer coefficient by a few percent. A maximum reduction of 27% in heat transfer coefficient between the nominal cases of smooth and horseshoe geometries at the lowest Reynolds number was measured. However, what makes these roughnesses desirable is the area increase they introduce on the target surface which results in higher heat removal from the leading-edge surface which is often a critical area in turbine airfoil cooling design. Figure 13 includes the contribution of the increased area in the overall heat transfer from the target surface [Nu jet (A HT /A base )] in the data reported in Figure 11 . The lower cluster of data represent the smooth geometry while the notched-horseshoe cases represent the highest areaaugmented heat transfer. A maximum increase of about 32% in heat removal for the notchedhorseshoe geometry, compared to the smooth target surface, was measured at the lowest Reynolds number which is entirely attributed to the increase in heat transfer area.
Static pressure ratios across the jet plate for all geometries and representative flow arrangements are shown in Figure 14 . At the lower Reynolds number range, different geometries and flow arrangements have almost the same pressure ratios across the crossover holes. At higher Reynolds numbers, however, a difference in pressure ratios across the crossover holes for different geometries is observed. Higher pressure ratios which did not go beyond 1.011, in general, correspond to the nominal cases in which there is a flow split after impingement. The small difference between the pressure ratios were mainly due to different inflow and outflow arrangements and not to target surface geometry.
CFD Results
Representative CFD results are compared with the experimental data in Figure 15 . CFD models with constant heat flux boundary conditions identical to the tested geometry for each case were run on PC Pentium4, 1.6 GHz machines with 512 MB memory. A typical case took about 1000 iterations and about four to five hours to converge. Very good agreements between the measured and numerically calculated impingement heat transfer coefficients are observed. A small difference of 4%, at the most, for the smooth target wall makes these CFD packages viable tools in predicting the impingement heat transfer coefficient. For the roughened target surface cases, the difference is higher due to the presence of recirculating zones in the flow domain, as seen in Figure 16 and generally more complex flow patterns around the horseshoe and straight ribs. A maximum difference of about 9% between the test and CFD results for the notched-horseshoe geometry is very encouraging. It is worth noticing that the numerical results also confirm that the smooth target surface produced higher impingement heat transfer coefficients followed by the notched-horseshoe and horseshoe geometries. Representative heat transfer coefficient and target surface temperature variations are shown in Figures 17 and 18 . As physically expected, the area directly under the jet show the highest heat transfer coefficient and lowest surface temperature with the opposite behavior for the areas that are not directly affected by the jet.
CONCLUSIONS
Three leading-edge surface geometries, consisting of a baseline smooth surface and two surfaces roughened with a combination of horseshoe and straight radial ribs, were tested for impingement cooling. The smooth target surface produced the highest impingement heat transfer coefficients followed by the notched-horseshoe and horseshoe ribs. However, when the contribution of the increased area in the overall heat transfer is taken into consideration, the target surface roughed with notchedhorseshoe ribs, for all inflow and outflow cases, proved to be the most effective geometry. An overall increase of about 27% in heat removal can be accomplished by roughening the leading-edge wall with these ribs. The increase is entirely attributed to the increase in the heat transfer area. A very good agreement between the numerical and experimental results, especially for the smooth target surface geometry, suggests that the CFD analyses are becoming a viable tool for the prediction of impingement heat transfer coefficients in turbine airfoil cooling.
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